Autophagy is an evolutionarily conserved cellular process that primarily participates in lysosomemediated protein degradation. Although autophagy is a cytoplasmic event, how epigenetic pathways are involved in the regulation of autophagy remains incompletely understood. Here, we found that H2B monoubiquitination (H2Bub1) is down-regulated in cells under starvation conditions and that the decrease in H2Bub1 results in the activation of autophagy. We also identified that the deubiquitinase USP44 is responsible for the starvation-induced decrease in H2Bub1. Furthermore, the changes in H2Bub1 affect the transcription of genes involved in the regulation of autophagy. Therefore, this study reveals a novel epigenetic pathway for the regulation of autophagy through H2Bub1.
INTRODUCTION
Autophagy is an evolutionarily conserved catabolic process that is involved in the regulation of lysosome-mediated degradation of abnormal proteins or other cellular components (1, 2) . Autophagy is believed to be essential for cell survival, especially when cells are exposed to different stressors, such as nutrient deprivation. The activation of autophagy under starvation allows cells to survive by providing essential crude components for cell construction via the degradation of intracellular substrates (3) (4) (5) . In addition, autophagy has been shown to be critical for the maintenance of cellular homeostasis because of its role in the clearance of abnormal proteins or factors that are no longer needed (1) . Furthermore, increasing evidence suggests that the dysregulation of autophagy is tightly related to many types of diseases, such as tumorigenesis, neurodegenerative disorders and pathogenic infections (6) (7) (8) (9) (10) (11) .
The activation of autophagy involves several membranerelated components and their rearrangements, such as autophagosome formation and elongation, autophagosomelysosome fusion and mature autolysosome formation (5, 12) . Following the stepwise activation processes, autophagy eventually results in the degradation of its substrates into useful biomolecules, allowing cells to construct essential cellular organelles or coordinate responses to different cellular stressors (5) .
Autophagy is primarily recognized as a cytoplasmic event, and most of its regulators are cytoplasmically localized (1, (3) (4) (5) . The cytoplasmic machinery responsible for the regulation of autophagy has been widely studied. However, two recent studies indicated that both the hMof-H4K16ac and G9a-H3K9me2 axes are involved in autophagy-related cell fate determination and autophagy activation (13, 14) , providing direct evidence that epigenetic regulators may also play a critical role in the regulation of autophagy. The levels of H4K16ac are decreased during autophagy activation, which results from autophagy-mediated Mof degradation (the acetyltransferase for H4K16ac). H4K16ac regulates the outcome of autophagy predominantly by controlling the expression of a series of autophagy-related genes (14) . Additionally, G9a, a histone H3K9 methyltransferase, regulates the expression of several autophagosome formation-related genes by remodeling the chromatin landscape. Loss of G9a activity results in elevated expression and lipidation of LC3B, suggesting that enhanced autophagosome formation occurred (13) . Together, these studies directly indicate that epigenetic-regulated gene expression events likely play significant roles in the control of autophagy activity.
Histone H2B monoubiquitination (H2Bub1) is an important histone modification in gene transcriptional regulation and higher-order chromatin organization (15) . H2Bub1 is mainly catalyzed by the RAD6-RNF20 ubiquitination machinery at lysine 120 of H2B in mammals (16) (17) (18) (19) , although other E3 ligases, such as RNF8, BAF250B, MDM2 and BRCA1-BARD1, have also been implicated (20) (21) (22) . However, aside from the RAD6-RNF20 complex, information regarding other ubiquitin ligases is limited or has been challenged (20) (21) (22) . For instance, the role of RNF8 in controlling H2Bub1 has been challenged by a recent report (20, 23) , and MDM2-mediatedH2B monoubiquitination only occurs in free H2B rather than in native nucleosome conditions (20, 24) . Moreover, the BRCA1-BARD1 complex has been shown to monoubiquitinate all nucleosome core histones, including H2A/H2Ax, H2B, H3 and H4 (22, 25, 26) . However, a recent study has revealed that H2B is only modestly ubiquitinated by the BRCA1-BARD1 complex compared with H2A (22, 26) . Therefore, the RAD6-RNF20 ubiquitination complex is likely the only well-recognized set of ubiquitination enzymes for H2Bub1.
H2Bub1 is typically associated with both the promoter and coding regions of highly expressed genes (17, 27) ; several studies demonstrated that H2Bub1 is a modulator of subsequent histone H3 methylations, such as H3K4 methylation and H3K79 methylation (15, 17, (28) (29) (30) . H3K4me3 is essential for transcriptional gene activation (31) , while the roles of H3K79me3 are still controversial (32) . In addition, recent studies have further indicated that the loss of H2Bub1 prevents embryonic stem cell differentiation (33) (34) (35) .
In this work, we show that histone H2Bub1 functions as a critical switch between autophagy and epigenetic pathways. Our results indicated that the loss of histone H2Bub1 results in autophagy and that the levels of H2Bub1 are decreased significantly during starvation. Furthermore, the starvation-induced H2Bub1 decrease and autophagy activation are shown to be regulated by the deubiquitinase USP44, which is transcriptionally targeted by the de novo DNA methyltransferases DNMT3a and DNMT3b. The depletion of H2Bub1 via the knockdown of RNF20 and mutations in the H2Bub1 site alters the transcription of genes involved in autophagy. In summary, our work reveals that appropriate H2Bub1 levels are essential for controlling autophagy in mammals.
MATERIALS AND METHODS

Cell culture and transfection
The HEK293T human embryonic kidney cell line and HeLa human cervical carcinoma cell line were cultured at 37
• C in DMEM (Gibco, #11960-044) supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin (Gibco, #15070-063) in a 5% CO 2 incubator. The transfection of constructs into the cells was performed using Lipofectamine 2000 (Invitrogen, #11668-019) according to the manufacturer's standard protocol.
Mouse ESCs were cultured under standard conditions according to previous reports (36, 37) .
RNAi knockdown in cultured human cell lines
The siRNAs against ATG5, ATGA7, ATG12, ATG3, ATG13 and USP44 were all designed and synthesized by the GenePharm Company (Shanghai, China). The transfection of the siRNAs into the cultured HEK293T or HeLa cells was achieved using Lipofectamine 2000 (Invitrogen, #11668-019) according to the manufacturer's protocol.
Co-immunoprecipitation (Co-IP)
Cells were transfected with Flag-tagged ATG5 or Flagtagged eIF4A using Lipofectamine 2000 (Invitrogen, #11668-019). After 48 h, the cells were harvested, washed with ice-cold PBS, resuspended in ATM lysis buffer (containing 100 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.4% NP-40, 2% Tween-20 and 0.2 mM PMSF) and sonicated on ice 10 times (3 s each), with 20% efficiency. The cell lysates were incubated with normal mouse IgG (Santa Cruz Biotechnology, #sc-2025, as a negative control) or anti-Flag (Abmart) antibody at 4
• C overnight. Protein A/G agarose beads (Santa Cruz Biotechnology, #sc-2003) were subsequently added, and the solution was incubated for an additional 3 h, followed by centrifugation to harvest the agarose beads after they had been washed five times with lysis buffer. The precipitated proteins were released by boiling in loading buffer and resolved via SDS-PAGE. Western blot analyses were performed using the relevant antibodies.
Antibodies and western blot analysis
The antibody against RNF20 was purchased from Novus (#NB100-2242). The anti-H2Bub1 antibody was purchased from Medimabs (#MM-0029). The anti-ubiquitin antibody was purchased from R&D (#MAB701). The antibodies against RAD6 (#4944), H2B (#2934), LC3B (#2775), ATG5 (#2630), ATG7 (#2631), p62 (#5114), H3K4m3 (#9727), H3K79me3 (#4260), H3K9me1 (#7538), H3K9me2 (#9753) and H4K16ac (#13534) were purchased from Cell Signaling Technology. The translation initiation complex antibody kit was purchased from Cell Signaling Technology (#4763). The antibodies against H3K9me3 (#ab8898), hMof (#ab83502), DNMT1 (#ab13537), DNMT3a(#ab2850) and DNMT3b (#ab2851) were purchased from Abcam. All of the HRP-conjugated secondary antibodies were purchased from Zhongshan Golden Bridge. The antibodies against USP7 (#GTX125894), USP12 (#GTX115609), USP22 (#GTX120048), USP46 (#GTX117994), and USP49 (#GTX119646) were purchased from GeneTex. The anti-USP44 antibody was purchased from Santa Cruz (#sc-377203).
The cells were lysed in ATM lysis buffer (containing 100 mM Tris-Cl [pH 7.5], 150 mM NaCl, 0.2 mM EDTA, 20% glycerol, 0.4% NP-40, 2% Tween-20 and 0.2 mM PMSF). The protein concentration in the supernatant was measured using a BCA Assay Kit (Novagen, #71285-3). Then, the samples were loaded into a 10% or 15% gel to resolve the proteins. Different amounts of total protein were loaded in each experiment to facilitate the detection of different target proteins. After electrophoresis, the proteins were transferred to PVDF membranes (Amersham, #10600021) and hybridized with primary antibodies at a dilution of 1:2000. The HRP-labeled secondary antibodies (Zhongshan Golden Bridge) were applied at a dilution of 1:4000. An ECL detection system (Calbiochem, #345818) was used to detect the signals on the membranes.
All the western blot analyses in this work were repeated more than three times, and the results were consistent.
RT-PCR assay
The cells were lysed to isolate the total RNA using TRIzol reagent (Invitrogen, #15596-026) according to the manufacturer's instructions. Reverse transcription was performed using a reverse transcription kit (Takara, #2641A). Briefly, total RNA (5 g) was reverse transcribed to synthesize cDNA in a volume of 20 l using M-MLV reverse transcriptase. In each 25-l PCR mixture, 1 l of cDNA was used for real-time PCR or semi-quantitative PCR analyses. For semi-quantitative PCR, the PCR products were loaded onto a 2% agarose gel, stained with ethidium bromide and imaged. Real-time PCR was performed with SYBR Advantage qPCR Premix (Clontech) on an iQ5 Real-Time PCR System (Bio-Rad). Fold differences in gene expression levels were calculated and normalized against the internal control GAPDH. All the sequences of primers used in this work are listed in Supplementary Table S1 .
DNA methylation profiling analysis
Bisulfite modification was carried out using a Direct Bisulfite Modification Kit (Millipore, #17-10451) followed by PCR amplification with specific primers for a USP44 CpG island. The PCR products were then cloned into a T vector and transformed into Escherichia coli. Six independent clones were selected for sequencing.
In vivo ubiquitination assay
HEK293T cells were treated with or without starvation for 10 h along with incubation with MG132. The in vivo ubiquitination assay was performed under denaturing conditions. The cells were lysed with 100 l of an SDS lysis buffer containing 1% SDS, and the lysate was then boiled for 15 min. The resulting lysate was centrifuged for 15 min at 12 000 rpm at 4
• C. The supernatant was diluted to 0.1% SDS with 900 l of ATM lysis buffer. The lysate was subsequently incubated with normal mouse IgG antibody (Santa Cruz Biotechnology, #sc-2025) or antibodies against DNMT3a and DNMT3b at 4
• C overnight. Protein A/G agarose beads were then added to precipitate the bound proteins. The ubiquitination levels were detected by western blot analysis using anti-ubiquitin antibody (R&D, #MAB701).
Autophagy analysis
To induce autophagy, the cells were washed three times with PBS and incubated for different periods in Hanks' balanced salt solution (HBSS, Invitrogen, #14025-076). To stimulate rapamycin-induced autophagy, the cells were treated with complete medium containing 2 M rapamycin at 37
• C for 10 h. The autophagy was assessed by detecting the LC3 cleavage. To inhibit starvation-mediated autophagy, the cells were treated with HBSS containing 10 mM 3-MA (Sigma, #M9281).
Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed according to published protocols from Upstate and our previous work (38, 39 ). The ChIP products were then used for real-time PCR assays with specific primers. For ChIP-real-time PCR assays, the enrichment of the levels of H2Bub1 was calculated relative to the input DNA, presented as the value of 2 − Ct × p, in which Ct is the difference of Ct values of histone modification IP and input DNA for a given primer pair, and p is the ratio of the volume of the input over IP used in the ChIP assays. The primers were designed to amplify 150-200 bp products according to the sequences of the coding region of each gene immediately after the TSS. The intergenic region was used as the negative control for the H2Bub1 ChIP assay according to a previous study (40) .
RESULTS
The loss of H2Bub1 induces autophagy
To explore the roles of epigenetic regulation in the control of autophagy, we performed a screen with various histone modification site-specific mutation constructs (data not shown). Briefly, HEK293T cells were transfected with the mutants or with the corresponding wild-type histones (used as a control), and then the cells were harvested and subjected to western blot and immunofluorescence analyses with anti-LC3B antibody to determine the effects of the histone mutants on the levels of autophagosomes. We found that H2Bub1 is likely a critical epigenetic regulator of autophagy. To determine the functions of H2Bub1 in the regulation of autophagy, we disrupted the endogenous levels of H2Bub1 by using cells with overexpression of the H2BK120R mutant, with knockdown of the E3 ligase RNF20, or with overexpression of the H2Bub1 deubiquitinase USP44 (34) . With down-regulation of H2Bub1 (Figure 1A, C and E), the levels of LC3B-II in all three samples were consistently increased compared to the controls, suggesting that autophagosome formation is regulated by H2Bub1 ( Figure 1A , C and E). Microscopy analyses detecting the subcellular distribution of LC3B at both the exogenous (GFP-LC3B transfection) and endogenous (immunostaining of LC3B with LC3B-specific antibodies) levels showed that the cytoplasmic foci of LC3B were increased significantly in the cells with reduced H2Bub1 ( Figure 1B , D and F), further supporting the role of H2Bub1 in the control of autophagosome formation under basal conditions.
To determine whether autophagy activity was affected after the reduction in H2Bub1, we then used western blot analysis to examine the protein levels of p62, whose degradation is a marker for the eventual activation of autophagy (41) (42) (43) (44) . Based on the results in Figure 1G , H and I, we show that the down-regulation of H2Bub1 leads to a decrease in The cells were then lysed and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (B) Control plasmid-or H2BK120R mutant plasmid-transfected 293T cells were cotransfected with GFP-LC3 or stained with anti-LC3B antibody. The cells were then subjected to microscopy analysis. The experiments were repeated more than three times (n > 3), and 500 cells were analyzed each time. (C) 293T cells were transfected with a control siRNA or an RNF20-specific siRNA for 48 h. The cells were then lysed and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (D) Control siRNA-or RNF20-specific siRNA-transfected 293T cells were cotransfected with GFP-LC3 or stained with anti-LC3B antibody. The cells were then subjected to microscopy analysis. The experiments were repeated more than three times (n > 3), and 500 cells were analyzed each time. (E) 293T cells were transfected with a control or USP44 plasmid for 48 h. The cells were then lysed and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (F) Control plasmid-or USP44 plasmid-transfected 293T cells were cotransfected with GFP-LC3 or stained with anti-LC3B antibody. The cells were then subjected to microscopy analysis. The experiments were repeated more than three times (n > 3), and 500 cells were analyzed each time. (G) 293T cells were transfected with a control or H2BK120R mutant plasmid for 48 h. The cells were then lysed and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (H) 293T cells were transfected with a control siRNA or an RNF20-specific siRNA for 48 h. The cells were then lysed and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (I) 293T cells were transfected with a control or USP44 plasmid for 48 h. The cells were then lysed and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (J) Inhibition of H2Bub1 does not affect the mRNA levels of p62. H2BK120R mutant plasmid-, RNF20-specific siRNA-and USP44 plasmid-transfected 293T cells and their related control cells were lysed, and total RNA was prepared and subjected to RT-PCR assays using the indicated primers (n = 3). the protein levels of p62 ( Figure 1G , H and I and Supplementary Figure S1 ). The reduction in p62 did not appear to be due to changes in the transcriptional regulation of p62, as our RT-PCR assays showed no changes in the p62 mRNA levels in all three groups of cells ( Figure 1J ), confirming that the loss of H2Bub1 activates autophagy in human cells under basal conditions.
Starvation-induced autophagy activation down-regulates H2Bub1 and is mediated by the deubiquitinase USP44
We next examined the dynamic changes in H2Bub1 levels in response to autophagy activation. Upon starvation, we found that the levels of H2Bub1 were significantly decreased, while the levels of H3K4me3 and H3K79me3 showed no obvious changes (Figure 2A and Supplementary Figure S2A ), supporting the notion that the change in H2Bub1 is not always coupled with changes in H3K4me3 and H3K79me3 (33) (34) (35) 45, 46) . H4K16ac was also shown to be decreased and involved in starvation-induced autophagy activation (14) . However, the decrease in H2Bub1 in the cells under starvation seemed to be much more obvious than the changes in H4K16ac (Figure 2A and Supplementary Figure S2A ). The decrease in H2Bub1 was also confirmed by immunofluorescence assay upon starvation (Figure 2B) .
To understand how H2Bub1 is regulated in response to starvation, we next examined the protein and mRNA levels of the major regulators of H2Bub1, including the ubiquitination-related enzymes RNF20 (16) and RAD6 (17) and the deubiquitinases USP7 (47), USP12 (48), USP22 (49, 50) , USP44 (21,34), USP46 (48) and USP49 (51). Interestingly, only the level of the deubiquitinase USP44 was significantly increased at both the protein and mRNA levels upon starvation, suggesting that USP44 is likely the cause of the starvation-induced decrease in H2Bub1 ( Figure 2C , and Supplementary Figure S2B and C). This hypothesis is also supported by the effects of knockdown of USP44 expression, which inhibits the starvation-induced decrease in H2Bub1 levels ( Figure 2D ). Neither the formation of the RAD6-RNF20 ubiquitination complex nor the subcellular localization of these two proteins was affected during starvation, further indicating that USP44, but not RAD6-RNF20, is responsible for the starvation-induced down-regulation of H2Bub1 (Supplementary Figure S2D and E).
We next tested whether the reduction in H2Bub1 induced by starvation was simply due to cytological autophagy activation. We therefore depleted the expression of ATG5 and ATG7 using RNAi (Supplementary Figure S2F) , which disrupts the activation of autophagy (14) . As shown in Figure  2E and Supplementary Figure S2G , our results showed that the reduction in H2Bub1 could also be observed upon starvation in both ATG5 and ATG7 RNAi cells, indicating that the reduction in H2Bub1 is independent of the activation of autophagy ( Figure 2E and Supplementary Figure S2G ) and further suggesting that loss of H2Bub1 is likely an upstream regulator of autophagy.
In addition, intriguingly, we found that the loss of ATG5, but not ATG7, decreases the levels of H2Bub1 in both basal and starved conditions, suggesting that ATG5 is likely a novel regulator of H2Bub1 ( Figure 2E and Supplementary Figure S2G ). We also examined whether rapamycin, another inducer of autophagy, can affect the H2Bub1 levels. However, treatment with rapamycin, which did promote the activation of autophagy, failed to show an obvious effect on the levels of H2Bub1 as observed in starvation conditions in the western blotting analysis, supporting the idea that multiple mechanisms are probably involved in starvation-and rapamycin-induced autophagy activation ( Figure 2F , Supplementary Figure S2H and Supplementary Figure S3) . Together, the above results suggest that H2Bub1 is downregulated during starvation and that this decrease is regulated by the deubiquitinase USP44.
The crosstalk between H2Bub1 and H4K16ac in the regulation of autophagy
A recent study suggested that the presence of H4K16ac is involved in the regulation of autophagy outcomes (14) . We therefore further tested the relationship between H2Bub1 and H4K16ac in the regulation of autophagy. Cells with a reduction in H2Bub1 via knockdown of RNF20 expression, overexpression of the H2BK120R mutant or knockdown of ATG5 expression were used ( Figure 2G , left). Our results showed that the loss of H2Bub1 by RNF20 RNAi or H2BK120R overexpression resulted in the down-regulation of H4K16ac and the H4K16ac acetyltransferase hMof. The results suggest that the alteration in H2Bub1 modulates the subsequent changes in H4K16ac. However, the reduction in H2Bub1 via the depletion of ATG5 seemed to show no obvious effect on H4K16ac or hMof ( Figure 2G, left) . This result is expected, considering that the reported downregulation of H4K16ac during the activation of autophagy is achieved by the autophagy-mediated protein degradation of hMof (14) ; therefore, the absence of ATG5 likely disrupts the activity of autophagy, and fails to result in hMof degradation or H4K16ac alterations. In contrast, our observations further indicate that the reduction in H4K16ac via knockdown of the expression of hMof has no obvious effect on the levels of H2Bub1 (Figure 2G, right) . Together, these results at least partially suggest that H2Bub1 likely functions upstream of H4K16ac in the regulation of autophagy.
Starvation-induced USP44 up-regulation is mediated by DNMT3a and DNMT3b
As the up-regulation of USP44 is critical for the starvationinduced reduction of H2Bub1 ( Figure 2D ), we next examined how USP44 is up-regulated during starvation. Our RT-PCR assay suggested that USP44 is regulated at the transcriptional level following starvation ( Figure 2C and Supplementary Figure S2B ). The transcriptional silencing regulators in the G9a-H3K9me2 axis participate in the regulation of autophagy (13) but do not seem to be involved in the transcriptional regulation of USP44, as there was no obvious change in H3K9 methylation, including H3K9me1/2/3 and their related methyltransferase G9a and demethylase KDM3B, upon starvation ( Figure 3A) . Notably, the protein levels of two de novo DNA methyltransferases, DNMT3a and DNMT3b, but not the maintenance methyltransferase DNMT1, were shown to be down-regulated after starvation Nucleic Acids Research, 2017, Vol. 45 Figure 2 . H2Bub1 levels are decreased during starvation-induced autophagy activation mediated by its deubiquitinase USP44. (A) H2Bub1 is decreased in response to starvation as analyzed by western blot assay. 293T cells were starved by HBSS treatment for the indicated periods to activate autophagy. Cell extracts were then prepared and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (B) H2Bub1 is decreased in response to starvation as analyzed by immunofluorescence assay. Immunofluorescence assays were performed using control or starved 293T cells with anti-H2Bub1 antibody. DAPI staining was used to indicate the cell nucleus. (C) USP44 is increased in response to starvation. Control or HBSS-treated (starvation) 293T cells were lysed and subjected to western blot and RT-PCR analyses using specific antibodies or primers, as indicated. The experiments were repeated more than three times (n > 3). (D) USP44 regulates the starvation-induced down-regulation of H2Bub1. 293T cells were transfected with control or USP44-specific shRNAs for 48 h. The cells were then treated with or without HBSS (starvation) for the indicated periods. Cell extracts were prepared and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (E) Loss of H2Bub1 does not depend on autophagy activity. Control and ATG5 RNAi 293T cells were treated with or without starvation for 10 h. The cells were then lysed and subjected to western blot assays using the indicated antibodies. The experiments were repeated more than three times (n > 3). (F) H2Bub1 does not respond to rapamycin treatment. 293T cells were treated with starvation or 2 M rapamycin for 10 h. The cells were then lysed and subjected to western blot assays using the indicated antibodies. The experiments were repeated more than three times (n > 3). (G) H2Bub1 likely functions upstream of H4K16ac in the regulation of autophagy. Cell extracts from 293T cells transfected with RNF20 siRNA, H2BK120R mutant plasmid, ATG5 siRNA, or hMof siRNA were prepared. Western blot analysis was then performed using the indicated antibodies. The experiments were repeated more than three times (n > 3). Cell extracts were then prepared and subjected to western blot analysis using the indicated antibodies. The experiments were repeated more than three times (n > 3). (B) 293T cells were treated with or without starvation for 10 h by incubating with HBSS. Protein extracts and total RNA were then prepared and subjected to western blot and RT-PCR analyses usingspecific antibodies and primers,as indicated. The experiments were repeated more than three times (n > 3). (C) Methylation of the USP44 gene is decreased in response to starvation. DNA methylation profiling analysis was employed in control and HBSS-starved 293T cells. The detailed procedure was performed according to the manufacturer's instructions (Millipore, Lot#: 17-10451). (D) 293T cells were transfected with a control or a DNMT3a-or DNMT3b-specific siRNA for 48 h. The total RNA was then isolated and subjected to RT-PCR analysis using the indicated primers. At least three biological replicates were analyzed (n > 3). (E) 293T cells were treated with or without starvation for 10 h. The cells were then lysed and subjected to chromatin immunoprecipitation (ChIP) assay using antibodies against DNMT3a and DNMT3b or normal control IgG (as a negative control), followed by real-time PCR with specific primers for the USP44 gene CpG region, as indicated. At least three biological replicates were analyzed (n > 3). (F) 293T cells were treated with starvation or starvation together with MG132 (25 M), 3-MA (10 mM) or chloroquine (100 M) and leupeptin (50 M) for 10 h. The cells were then lysed and subjected to western blot analysis using the indicated antibodies. The experiments were repeated three times (n = 3). (G) In vivo ubiquitination assays were performed in control and HBSS-starved 293T cells together with MG132 incubation. The immunoprecipitation was performed under denaturing conditions using antibodies against DNMT3a and DNMT3b, followed by western blot analysis using the indicated antibodies. The experiments were repeated three times (n = 3).
( Figure 3B ), indicating that the decrease in DNMT3a/3b was possibly the cause of USP44 up-regulation. Consistent with the dynamic relationship between USP44 and DNMT3a/DNMT3b, bisulfite sequencing analysis indeed showed a significant reduction in the DNA methylation levels of the USP44 CpG island after starvation ( Figure 3C ).
To test whether DNMT3a and DNMT3b are indeed involved in the starvation-induced up-regulation of the USP44 gene, we performed DNMT3a and DNMT3b knockdown assays using RNAi. The results showed that the depletion of DNMT3a and DNMT3b expression significantly increased the transcriptional levels of USP44, confirming that DNMT3a and DNMT3b are transcriptional silencers of the USP44 gene ( Figure 3D ). To further identify whether DNMT3aand DNMT3b are directly involved in the transcriptional repression of USP44, we next performed chromatin immunoprecipitation (ChIP) assays. The results showed that both DNMT3a and DNMT3b bound to the promoter region of the USP44 gene and that the binding was significantly decreased after starvation ( Figure 3E ).
Our RT-PCR analysis suggested that the downregulation of DNMT3a and DNMT3b was likely due to post-transcriptional regulation, as the mRNA levels of both genes were not affected upon starvation ( Figure 3B , lower panels). To test whether the decrease in the DNMT3a and DNMT3b protein levels was due to protein degradation, proteasome, lysosome and autophagy inhibitors were used to treat cells under starvation ( Figure 3F ). We found that only the proteasome inhibitor MG132, but not the lysosome inhibitors leupeptin and chloroquine or the autophagy inhibitor 3-MA, rescued the downregulation of the DNMT3a and DNMT3b protein levels induced by starvation ( Figure 3F ), supporting the notion that starvation-induced DNMT3a and DNMT3b downregulation occurs via the ubiquitin-proteasome-mediated protein degradation pathway. Moreover, our in vivo ubiquitination analysis confirmed that starvation promotes the ubiquitination of both DNMT3a and DNMT3b ( Figure  3G ).
To further examine the correlation between USP44 and DNMT3a/b, we performed clinically based bioinformatic analysis using the Oncomine online database (www.oncomine.org). We found that the expression of DNMT3a/DNMT3b and USP44 showed an inverse correlation between cancer and normal tissues: DNMT3a and DNMT3b appear to be up-regulated in breast and lung cancers, while USP44 is down-regulated ( Supplementary Figure S4 ). This result supports our biochemical analysis showing that DNMT3a and DNMT3b suppress the transcription of USP44 by regulating the DNA methylation of the gene ( Figure 3B-E) .
H2Bub1regulates the transcription of genes involved in autophagy
To further understand the impact of H2Bub1 in the regulation of autophagy, we next performed genome-wide expression assays to test whether changes in H2Bub1 have any impact on the transcription of autophagy-related genes. HEK293T cells transfected with RNF20-specific siRNA or H2BK120R mutant plasmid or treated with starvation for 10h (these three different treatments all resulted in a decrease in H2Bub1 levels and autophagy activation) were used, and total RNA was harvested from each group for further microarray analyses. Among the 71 genes (∼12.5% of the total affected genes) with a similar pattern in all three sample groups, we found that over two-thirds were down-regulated ( Figure 4A and B) . GO and Pathway annotations of these differentially expressed genes were also performed ( Figure 4C) . Interestingly, 32 of the 71 affected genes are associated with the regulation of autophagy (Figure 4D) , which was determined by comparison with a reported resource that listed autophagy-related genes (52) . RT-PCR validation of the randomly selected autophagyrelated genes was also performed (Figure 4E ), which confirmed the changes in the transcription of these genes. In addition, ChIP assay results demonstrated that H2Bub1 was enriched in the promoter regions of the selected genes in the control cells and that this enrichment was abolished upon starvation ( Figure 4F ), although a number of genes were up-regulated after starvation, possibly because the global levels of H2Bub1 are decreased significantly after starvation (Figure 2A and B, and Supplementary Figure S2A) . Therefore, our ChIP assay results suggest that H2Bub1 likely plays a direct role in the control of the expression of autophagy-related genes. Additionally, as USP44 regulates the H2Bub1 levels especially under starvation conditions ( Figure 2D) , we examined the effects of USP44 on the expression of the selected autophagy-related genes. Consistent with our expectation, we found that knockdown of USP44 expression (Supplementary Figure S5) significantly abolished the starvation-induced expression changes of the selected genes ( Figure 4G ).
To more fully understand how the 32 differentially expressed genes affect autophagy, we further performed a gene network analysis by using the STRING online database (http://string-db.org/). Wefound that the 20 downregulated genes predominantly function in the positive regulation of NF-B activity and biosynthetic processes (Figure 5A , red balls), indicating that loss of H2Bub1 likely results in the inhibition of NF-B activity and biosynthetic processes. NF-B has been recognized as a negative regulator of autophagy in multiple conditions (53, 54) , and lower biosynthetic activity is a known characteristic of autophagy (55) . Therefore, this result indicated a positive effect of the 20 down-regulated genes on autophagy. In addition, the 12 up-regulated genes are tightly involved in three areas of biological events, positive regulation of the innate immune response, protein polyubiquitination and the macromolecular catabolic process ( Figure 5B, red balls) , suggesting that loss of H2Bub1 likely positively regulates innate immunity, protein polyubiquitination, and macromolecular metabolism. All three biological events are also significantly related to autophagy. For instance, many innate immune signaling pathways activate autophagy in response to pathogen infection (10, 11) . Protein ubiquitination is essential for the recognition and degradation of the substrates by autophagy-mediated protein degradation processes (56) .
Taken together, our microarray study suggests that H2Bub1 regulates the activation of autophagy likely through the transcriptional controlof genes involved in autophagy. (E) Total RNA was isolated from control, RNF20 RNAi-transfected and H2BK120R mutant plasmid-transfected 293T cells, and HBSS-starved 293T cells. RT-PCR analyses were performed using specific primers, as indicated. At least three biological replicates were analyzed (n > 3). (F) Chromatin immunoprecipitation (ChIP) assays were performed in control or HBSS-starved HEK293T cells using anti-H2Bub1 antibody, followed by a PCR analysis using the indicated primers. At least three biological replicates were analyzed (n > 3). (G) Total RNAs from control, USP44 RNAi, and HBSS-starved control 293T cells, and HBSS-starved USP44 RNAi 293T cells were isolated. RT-PCR analyses were then performed using specific primers, as indicated. At least three biological replicates were analyzed (n > 3). 
USP44 is a key regulator of autophagy during mouse embryonic stem cell (mESC) differentiation
Because H2Bub1 was shown to be present at very low levels in mESCs and to increase significantly after the induction of differentiation (33) (34) (35) , we next tested whether there is a correlation between the presence of H2Bub1 and autophagy in mESCs, as well as during mESC differentiation. We found that the autophagy activity of the mESCs is much higher than that of differentiated cells, as our western blot analyses indicated that the LC3B-II levels were dramatically decreased during ESC differentiation, combined with the accumulation of p62 protein levels ( Figure 6A ). Furthermore, our immunofluorescence assays using anti-LC3B antibody also confirmed that the autophagosome levels are significantly higher in stem cells than in differentiated cells ( Figure  6B ).
USP44 was reported as the key regulator of H2Bub1 in mESCs and their differentiation (34) ; therefore, we next analyzed the dynamics of the H2Bub1-related regulators USP44, RNF20 and ATG5 during mESC differentiation. Consistent with previous studies, USP44 decreased significantly at both the protein and mRNA levels following mESC differentiation and showed an inverse correlation with the changes in H2Bub1 ( Figure 6A) . However, the changes in the RNF20 and ATG5 protein levels were not as obvious as those of USP44 during differentiation. We next examined whether the expression of USP44 is also regulated by DNA methylation during mESC differentiation, as previously indicated in human cell lines ( Figure  3C -E). In parallel with the decrease in USP44 RNA and protein levels during mESC differentiation, the CpG island of the USP44 gene was hypermethylated upon differentiation ( Figure 6C ). Furthermore, consistent with the results from human cell lines (Figure 3E ), the methylation of the USP44 gene promoter in mESCs is also likely regulated by DNMT3a and DNMT3b, as our chromatin immunoprecipitation assay indicated that differentiation promotes the binding of both DNMT3a and DNMT3b to the USP44 gene promoter ( Figure 6D ). Since both a previous report (34) and our current data suggested that USP44 likely regulates the H2Bub1 dynamics in response to differentiation and since H2Bub1 levels are correlated to autophagy activity in mESCs, we wondered whether USP44 also controls autophagy activity in mESCs. Indeed, depletion of USP44 expression by RNAi increased the levels of H2Bub1 and decreased the activity of autophagy significantly, as the levels of LC3B II were decreased and the p62 levels were increased after USP44 RNAi ( Figure 6E, right) . Immunofluorescence assay also supported our conclusion, as the LC3B puncta ) and without LIF (LIF(−)) for different periods and were lysed for western blot analysis using different antibodies, as indicated. The experiments were repeated more than three times (n > 3). (B) Autophagosomes in mESCs and differentiated mESCs. mESCs and mESCs cultured with RA (RA(+)) and without LIF (LIF(−)) for different periods were subjected to immunostaining analysis using anti-LC3B antibody. DAPI was used to detect the cell nucleus. (C) Methylation of the mouse USP44 gene is increased after mESC differentiation. DNA methylation profiling analysis was employed in control and differentiated mESCs. The detailed procedure was performed according to the manufacturer's instructions (Millipore, Lot#: 17-10451). (D) Control and differentiated mESCs were lysed and subjected to a chromatin immunoprecipitation (ChIP) assay using antibodies against DNMT3a and DNMT3b or normal control IgG (as a negative control), followed by PCR with specific primers for USP44, as indicated. The experiments were repeated more than three times (n > 3). (E) USP44 regulates autophagy in mESCs. Control siRNA-and USP44-specific siRNA-transfected mESCs were subjected to immunostaining analysis using an anti-LC3B antibody, or subjected to western blot assays with antibodies as indicated. DAPI was used to detect the cell nucleus. The experiments were repeated more than three times (n > 3).
(autophagosomes) were decreased significantly after USP44 depletion ( Figure 6E, left) . Together, the above results suggest a conserved relationship between the down-regulation of H2Bub1 and the presence of autophagy in mESCs, indicating that H2Bub1 is a critical epigenetic regulator of autophagy at basal and physiological conditions. In summary, the results of this study indicate that H2Bub1 is a key epigenetic switch for the control of autophagy. We further revealed the upstream regulators of H2Bub1 during autophagy activation as well as their roles in the regulation of autophagy. Finally, a crosstalk model between H2Bub1 and the regulation of autophagy was proposed ( Figure 7) .
DISCUSSION
It has long been thought that the regulation of autophagy is a post-translational process; however, more recent studies have indicated that transcriptional networks (57, 58) and histone modifications are also involved (59) . The exact picture of how epigenetic pathways and transcriptional networks are coordinated to control autophagy under different cellular conditions is far from clear.
In this study, we demonstrate that H2Bub1 plays a critical role in the control of autophagy. H2Bub1 is decreased during starvation-induced autophagy activation (Figure 2A and B, and Supplementary Figure S2A) , and the downregulation of H2Bub1 determines autophagy activity (Figure 1) . Moreover, ATG5 seems to be a novel regulator of Nucleic Acids Research, 2017, Vol. 45 , No. 3 1155 Figure 7 . A working model for H2Bub1 regulation and autophagy under different cellular conditions. Under basal conditions, DNMT3a and DNMT3b maintain USP44 at a very low level by regulating DNA methylation, and further control H2Bub1 at relatively high levels, resulting in a basal gene expressional profile with lower autophagy activity. However, when the cells are exposed to starvation, both DNMT3a and DNMT3b are degraded via the ubiquitin-proteasome pathway, resulting in the activation of USP44 expression. The elevated USP44 protein further deubiquitinates H2Bub1, leading to a decrease in the H2Bub1 levels. The alteration of the H2Bub1 levels results in global changes in the expression of genes, especially those genes involved in autophagy. These changes in gene expression eventually contribute to the activation of autophagy after starvation.
H2Bub1, as we observed that depletion of ATG5 resulted in the decrease of H2Bub1 in both basal and starved conditions ( Figure 2E and Supplementary Figure S2G) . However, more investigations will be required to illustrate the exact mechanism of ATG5 in the regulation of H2Bub1. Consistent with our observation that nutrient starvation results in the loss of H2Bub1, a previous study suggested that H2Bub1 is a semi-quantitative marker of environmental glucose levels. This study found that H2Bub1 levels were significantly increased when the cells were cultured in higher glucose conditions (60), supporting our observations in another aspect. Together with our data, these results indicate that H2Bub1 is likely an immediate response factor to environmental nutrition changes achieved through controlling the activities of autophagy.
When cells were exposed to starvation, there was no change in either the RNF20 and RAD6 levels ( Figure 2C and Supplementary Figure S2B) , or the interaction between RNF20 and RAD6 (Supplementary Figure S2D) , implying that the decrease in the H2Bub1 must therefore be due to the presence of other mechanisms. Indeed, we found that two de novo DNA methyltransferases, DNMT3a and DNMT3b, are degraded via the ubiquitin-proteasome pathway, leading to the activation of the USP44 gene ( Figure 3B -G). The increased USP44 levels then result in the depletion of H2Bub1, causing a global decrease in H2Bub1, as was observed ( Figure 2C, Supplementary Figure S2B , and Figure  2D ). These results indicated that the DNMT3-USP44 axis is involved in the regulation of H2Bub1 and the subsequent activation of autophagy.
The ectopic expression of the H2Bub1 mutant (H2BK120R) caused an alteration of the transcription of genes involved in autophagy and a remarkable increase in autophagy, which is perhaps the most direct evidence that this specific H2B modification is critical for the activation of autophagy. The depletion of RNF20 and the overexpression of USP44 both resulted in a reduction in H2Bub1 that had the same effect on autophagy, further supporting this conclusion ( Figure 1A-I) . However, H2Bub1 failed to respond to the rapamycin-induced autophagy activation process ( Figure 2F , Supplementary Figure S2H and Supplementary Figure S3) , indicating that alternative modifications/mechanisms must be involved in the rapamycin-induced activation of autophagy. Several recent studies have indicated that starvation-induced and rapamycin-induced autophagy also seem to use different regulation machinery (14, (61) (62) (63) . Overall, we discovered a novel epigenetic pathway that regulates both H2Bub1 and autophagy: the DNMT3-USP44 axis.
Our study also indicates that different epigenetic modifications can interact with each other to regulate autophagy. We found that the reduction in H2Bub1 via either RNF20 RNAi or overexpression of the H2B mutant H2BK120R down-regulates the levels of H4K16ac and the acetyltransferase hMof, supporting crosstalk between epigenetic pathways. However, ATG5 RNAi caused a reduction in H2Bub1 but had no obvious effect on H4K16ac or hMof, as demonstrated by the absence of autophagy-mediated hMof degradation in ATG5-depleted cells ( Figure 2G, left) . Moreover, the reduction in H4K16ac by knocking down the expression of hMof had no obvious effect on the H2Bub1 levels (Figure 2G, right) . These findings all indicate that H2Bub1 is possibly upstream of the hMOF-H4K16ac axis. However, a global understanding of the epigenetic regulation network of autophagy is far from clear, and further studies are recommended.
The relationship between H2Bub1 and autophagy was also examined in mESCs because we and other groups observed extremely low levels of H2Bub1 in undifferentiated mESCs (33) (34) (35) . Indeed, an inverse correlation between H2Bub1 and autophagy was observed ( Figure 6A and B) . It has been reported that autophagy is required for the generation of induced pluripotent stem cells (iPSCs) (64) . It is likely that the increased presence of autophagy in mESCs may be utilized to maintain the self-renewal/proliferation of ESCs requiring rapid energy recycling. However, more detailed studies of stem cells will be required to elucidate the functional impact of H2Bub1-induced autophagy in stem cell self-renewal or differentiation.
In conclusion, our work revealed that H2Bub1 is a critical regulator that links autophagy to epigenetics. The findings from this work and others also argue that multiple pathways must be involved in the regulation of autophagy, which ensures that subcellular protein degradation can be executed to support the survival of the cells, as well as to maintain the cellular identity or programming/reprogramming of the cells. It will be of interest to further elucidate the difference between these pathways as well as their functional implications.
